Abstract-A novel method for further wideband RCS reduction on metasurface (MS) is proposed in this paper. By introducing a phasor interference element to the original MS composed of two elements, RCS of the proposed MS constructed by three elements can be further remarkably decreased in broadband. The measurement procedure on scattering performances of samples is conducted in an anechoic chamber, in which the experimental results indicate that the proposed MS can achieve further 3-dB RCS reduction from 6.94 GHz to 15.35 GHz compared to the original MS, and the maximum further reduction reaches 24.9 dB. As a result, compared with a same-size metallic plate illuminated by a normal plane wave, RCS of the proposed MS can be reduced by more than 8.5-dB from 6.68 GHz to 15.38 GHz with the relative bandwidth of 78.9%.
INTRODUCTION
Metasurface (MS) is a 2-D artificial array constructed by the sub-wavelength elements in periodic or aperiodic arrangements [1] [2] [3] [4] [5] . In recent years, the MS constituted by artificial magnetic conductor (AMC) [6, 7] with low radar cross section (RCS) [8] [9] [10] has aroused great interest of researchers due to its tremendous potential in military practice. In particular, this kind of MS merely reflects the incident waves into the backward space rather than transforming electromagnetic energy into heat, such as metamaterial absorbers [11] [12] [13] [14] [15] , which lowers the probability of MS being detected by infrared devices. To broaden the application fields, the MS with additional properties, such as low profile [16, 17] , flexible scattering beams [18] [19] [20] , broadband and wide angle [21] [22] [23] [24] [25] , have also been studied and reported in depth, among which the MS with property of broadband can be further studied for the insufficient RCS reduction at certain bands, even if the condition of sufficient phase cancellation (phase difference ∈ [150 • , 210 • ] [26] ) between two elements is satisfied in the element simulation. For example, Ref. [27] presented that a wideband phase cancellation of patch antenna can be generated by arranging the anisotropic elements loaded on the substrate in an orthometric layout, while the RCS reduction is merely 5-dB at most frequencies. This is presumably caused by the deviations between element simulation and array simulation, varying electrical size of element blocks (constituted by n × n (n ≥ 3) elements for periodicity hold) for the incidence with various frequencies, high-order resonant modes between adjacent blocks, etc., for which RCS of the MS would be increased to some extent.
In order to achieve sufficient RCS reduction by metasurface, in this paper, we introduce a phasor interference element to the original MS composed of two basic elements, and a lower-scattering feature of proposed MS can be obtained over a broad frequency band. The measured results are in good agreement with the simulations, which indicate that RCS of the proposed MS is further reduced by more than 3-dB from 6.94 GHz to 15.35 GHz. Hence, compared with a same-size metallic plate, the proposed MS can achieve at least 8.5-dB RCS reduction at the range of 6.68 GHz-15.38 GHz for the normal incidence as well as the relative bandwidth is 78.9%.
DESIGN AND SIMULATION

Design and Simulation of Original MS
As shown in Fig. 1 , two basic elements of the original MS both are composed of two copper films with a substrate of F4B (the period is 8 mm, the relative permittivity is 2.65 and the loss tangent is 0.001) between them. The difference between them lies in the top pattern, which is a circular patch for E1 with a star-like patch for E2. To insure the band of sufficient phase cancellation between two elements as wide as possible, Ansoft HFSS 14.0 is utilized to search the optimal physical dimensions, in which the master/slave boundary condition and Floquet port are adopted to simulate the situation of infinite periodic elements. As a result, the optimized results are r 1 = 3.2 mm, r 2 = 4 mm, h = 3 mm. Fig. 2 shows the reflection characteristics of E1 and E2, from which it can be observed that both the elements exhibit nearly total reflection for the normal incidence. Meanwhile, a wide sufficient phase cancellation band is obtained at the range of 8.4 GHz-18.5 GHz. Then, the original MS can be built up based on the two basic elements, as depicted in Fig. 3 , where 4 × 4 elements construct a MS block for periodicity hold, and 9 × 9 MS blocks construct the whole MS array with a chessboard-like configuration. When illuminated by a normal plane wave, we can obtain the monostatic RCS of the original MS versus operating frequency, as shown in Fig. 4 . In particular, only the case of x-polarization is provided due to the symmetrical structures of the two elements and the rotational symmetric layout. Additionally, to clarify the direction of polarization, the Cartesian coordinates are implanted in the figure, where k 0 represents the incidence direction. Compared to the metal with a same dimension, RCS of the original MS is obviously reduced at the whole observed band. However, the reduction is around merely 6-dB, and the 10-dB reduction band is too narrow to match the predictions of element simulation in 
Proposed Method and Analysis
In consideration of the problem stated above, we adopt a polar coordinate system to analyze the phase relationship between different elements, as shown in Fig. 5 . Hence, reflectivity of the MS for the normal incidence can be expressed as:
where P i represents the area portion of each element in the MS array, A i the reflection amplitude, and ϕ i the reflection phase of each element.
As for the original MS composed of two elements in Fig. 5 (a),
Substituting Equation (2) into Equation (1) provides the result of R ≤ 0.08 (nearly −11 dB). In particular, the result is based on the element reflection characteristics, while the phase relationship will be changed to some extent for the realistic MS array and resulting in higher reflectivity. In other words, once one of the phasors is fixed, the other has a free range of merely 60 • , which means that the phase relationship in Equation (2) is not universal enough. Therefore, a more universal case is proposed in Fig. 5(b) , in which In this way, as long as the phasor of E3 lies in the green shadow region bounded by the oppositely elongated lines of other two phasors, meaning
the phasor sum of E1 and E2 will be dramatically counteracted due to the introduction of E3, and a result of R ≤ 0.11 (nearly −10 dB) can be obtained according to Equation (1) . In summary, compared with Case I in Fig. 5(a) , the condition of phase cancellation gets milder in the element analysis for Case II, and this is advantageous for achieving remarkable RCS reduction in broadband in the array simulation.
Design and Simulation of Proposed MS
To investigate if case II is superior to case I, we first design a structure of E3 depicted in Fig. 6 , in which the top pattern is constituted by nine quadrate patches, and the value of a is 1.76 mm. The simulation method of E3 is in concordance with the one about E1 and E2 stated in Subsection 2.1. Fig. 7 synthetically gives the reflection characteristics of E1, E2 and E3, in which the value of r 1 has been updated as 3.8 mm to satisfy the phasor relationship in Equation (3). From Fig. 7 , it can be seen that the amplitude requirement in Equation (3) is approximately realized, and the reflection phase of E1 is shifted to lower frequencies compared to the original case. For better analysis of phase relationship among the three elements, the phase differences curves are provided in Fig. 8 . Then, it can be clearly observed that the phase requirements in Equations (3) and (4) have been satisfied at the band region surrounded by green shadow, which predicts that nearly 10-dB RCS reduction can be achieved. Furthermore, to insure the condition of area portion satisfied, a lattice composed of the blocks of E1, E2 and E3 is first built up by placing them crosswise between each other. In particular, it can be found that the lattice possesses three arrangements, which have been marked in green, blue and orange in Fig. 9(b) , respectively. Then, put the three arrangements in a cross configuration again to construct the final array of the proposed MS, as shown in Fig. 9 . As a result, P 1 = P 2 = P 3 = 1/3 and E3 has been effectively implanted on the MS array, by which a destructive interference can be expected between E3 and the other two. Afterwards, we give the full wave simulation results of the proposed MS, as depicted in Fig. 10 . Similarly, the case of x-polarization is provided because the curves of x-and y-polarizations are almost coincident with each other, which could be attributed to the symmetrical structures of the elements. From Fig. 10 , it can be seen that RCS of the proposed MS is further reduced by more than 3-dB from 6.7 GHz to 14.48 GHz compared to the original MS, and the maximum further reduction reaches 20.8 dB at 13.1 GHz. Additionally, compared with the same-size metal, a 10-dB RCS reduction band ranging from 6.42 GHz to 13.38 GHz (70.3% relative bandwidth) can be picked out from the curves. Although the 10-dB RCS reduction band gets narrow in the array simulation in contrast with the prediction in the element simulation, reduction values of the proposed MS are indeed obviously increased in broadband compared to the original one. Figure 11 provides the surface current distributions of the two MS arrays at 8.4 GHz. In particular, it is known to us that every element in the MS array can be regarded as a resonant LC circuit, in which the gap between the adjacent patches is equivalent to the capacitance while the dielectric substrate is equivalent to the inductance. Hence, the stronger the resonance of the LC circuit is (equal to reflection phase of the element is closer to 0 • ), the larger that surface current strength of the element can be observed. On the basis of above analysis, it can be found that the difference on the surface current strength between E1 and E2 is inconspicuous for the original MS, which reveals that the phase difference between the two elements is not distinct enough to meet the condition of sufficient phase cancellation. As a result, RCS of reference MS will be decreased in a limited degree. However, for the proposed MS, (a) (b) Figure 11 . Surface current distributions of (a) original MS and (b) proposed MS at 8.4 GHz.
the surface current strength is enhanced step by step for E3, E2 and E1, respectively, which indicates that a proper phase gradient for phase cancellation is generated among the three elements. Therefore, compared with the original MS, RCS reduction of the proposed MS is more conspicuous at 8.4 GHz.
EXPERIMENTAL RESULTS
To verify the simulation results, scattering performances of the two MS samples are tested in an anechoic chamber, as depicted in Fig. 12 , where the samples are placed in front of the horn antennas with a distance of 1.6 m to satisfy the condition of far-field test. The two antennas are connected to the two ports of vector network analyzer (VNA), and then the monostatic RCS of two samples for the normal x-polarized waves can be evaluated by the parameter of S 21 . Additionally, the reverse side of the sample, which is a same-size metallic plate, is also measured as a contrast. Furthermore, to better eliminate the ambient noise in the chamber, the time-domain gate of VNA is adopted in the experiment. Confined by the operating frequency range of horn antennas, we can only give the measured RCS reduction curves of two samples at the range of 6 GHz-18 GHz, as shown in Fig. 13 , in which the simulations are also imported for comparison. From Fig. 13 , it can be noted that RCS of the proposed MS is apparently lower than the reference one at most frequencies, and 8.5-dB RCS reduction for the proposed MS is achieved at the range of 6.68 GHz-15.38 GHz with the relative bandwidth of 78.9%. Additionally, Fig. 14 gives the curve of further RCS reduction of the proposed MS compared with the reference MS, from which we can observe that RCS of the proposed MS is further reduced by at least 3-dB at the range of 6.94 GHz-15.35 GHz, and the peak value of further reduction reaches 24.9 dB. Meanwhile, we notice the frequency and reduction deviations between the simulations and measurements, which can be attributed to the machining errors, not perfectly standard plane waves radiated by the transmitting antenna, imprecise angle between samples and antennas, deflected phase center, etc. Even so, the favorable agreement between the simulation results and the experiments confirms the availability of the proposed method, by which RCS of the MS can be obviously reduced in broadband due to the destructive interference of introducing element with the phasor sum of the other two. Lastly, the comparison between the work in this paper and current similar works is shown in Table 1 . Although RCS reduction of the MS proposed in this paper is slightly smaller than the references, the proposed MS can achieve RCS reduction in broader band than the others. Moreover, it can be seen that the fractional bandwidth in [20] is nearly equal to the one in this paper. However, compared to the thickness of 3 mm (0.1λ at 10 GHz) of the proposed MS, the MS in [20] is based on a double-layer structure with the thickness of 4.81 mm (0.16λ at 10 GHz), which goes against the performance of low profile. 
CONCLUSION
In this paper, we have proposed an efficient method to achieve further RCS reduction on the MS composed of two elements. By introducing a phasor interference element to the MS effectively, a lowerscattering feature of new MS can be obtained over a broadband, and the idea is verified by the results of both simulation and measurement. In a word, this design provides a novel train of thought for researchers to design the metasurface with property of wideband low RCS. 
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